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Abstract
We demonstrate in a general framework that polarized photons by backscattered laser beams
of adjustable frequencies at a TeV linear e+e− collider provide us with a very efficient
mechanism to probe CP violation in two-photon collisions. CP violation in the process
γγ →W+W− is investigated in detail with linearly polarized photon beams. There are two
useful CP-odd asymmetries that do not require detailed information on W decay products.
The sensitivity to the CP-odd form factors are studied quantitatively by assuming a perfect
e-γ conversion and the 20 fb−1 e+e− integrated luminosity at the e+e− c.m. energies
√
s = 0.5
and 1.0 TeV. The sensitivity is so high that such experiments will allow us to probe new
CP violation effects beyond the limits from some specific models with reasonable physics
assumptions. We find that a counting experiment ofW+W− events in the two-photon mode
with adjustable laser frequencies can have much stronger sensitivity to the CP-odd γ(γ)WW
form factors than can aW+W− decay-correlation experiment with a perfect detector achieve
in the e+e− mode.
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I. INTRODUCTION
Even though the Standard Model (SM) has been successful in explaining all the exper-
imental data up to date, it is believed that the SM is merely an effective theory valid at
and below the weak scale and that new physics beyond the SM should appear at higher
energies. We may expect to find new physics beyond the SM at high precision experiments
on quantities whose SM values are suppressed. An interesting class of quantities where the
SM contributions are strongly suppressed are those with CP violation. In the SM, CP vio-
lation stems from the complex phase of the Kobayashi-Maskawa (KM) quark-mixing matrix
[1] and the size of CP violation is often extremely small. In contrast, various new physics
scenarios on CP violation lead to comparatively large CP violation. Any CP-odd observable
should hence be a good direct means to look for new physics effects.
The next generation of e+e− colliders [2] will offer interesting possibilities for studying
physics of the heavy H , t-quark, and the W bosons either in the e+e− mode or in the γγ
mode. Linear collider physics in the e+e− mode has been studied intensively for the past
decade. Recently it has become clear that the γγ mode (as well as the eγ mode) [3] can
provide a good complement to experiments in the e+e− mode. For instance, it has been
shown that the γγ mode has a unique advantage in the determination of the Higgs-two-
photon coupling [4] and its CP properties [5]. Pair production of the top-quark [6] and the
W boson [7,8] in the γγ mode has also been studied as probes of CP violation in physics
beyond the SM. Most works [6,7] have concentrated on the use of the spin correlations
of the pair-produced top-quarks and the W bosons which require detailed study of their
decay products. Recently, it has been pointed out [9] that the (linearly)-polarized photon
beams can provide us with very powerful tests of the top-quark electric dipole moment
(EDM) without any information on the tt¯ decay patterns. Use of the γγ mode with linearly
polarized photon beams for studying CP violation in the process γγ → W+W− has also
been considered by Be´langer and Coture [8].
In the present work we demonstrate in a rather general framework that polarized pho-
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tons by backscattered laser beams of adjustable frequencies provide us with a very efficient
mechanism to probe CP violation in the two-photon mode. We then give an extensive in-
vestigation of the possibility of probing CP violation with (linearly) polarized photon beams
in the process γγ → W+W− We extend in a systematic way the previous work [8] so as to
cover an arbitrary angle between polarization directions of two photon beams and an arbi-
trary laser beam frequency. We find in particular that adjusting of the laser beam frequency
is essential to optimize the sensitivity to CP violation phenomena. Furthermore, we study
effects of all the possible dimension-six CP-odd operators composed of the Higgs doublet
and the electroweak gauge bosons.
The W+W− production in the γγ mode has several unique features in contrast to that in
the e+e− mode, e+e− →W+W−. In the e+e− mode, a pair of W ’s are produced via an an-
nihilation of the colliding e− and e+ where the electronic chirality should be preserved along
the electron line [10] due to the very small electron mass in the SM. This forces the positron
helicity to be opposite to the electron helicity such that the initial e+e− configuration is
always CP-even. On the contrary, there exists no apparent helicity selection mechanism in
the γγ production ofW+W−. This feature makes any CP-odd γγ configuration in the initial
state a good probe of CP-violation in the two-photon mode.
The process γγ → W+W−, which is characterized by the angle between the W+ mo-
mentum and the γ momentum in the c.m. frame, and the helicities of the particles, is C,
P and CP self-conjugate, when the particle helicities are averaged over. For this reason the
helicities (but not all of them) need to be determined or statistically analyzed to observe
violations of these discrete symmetries. One can take two approaches in analysing the pro-
cess γγ → W+W−. One approach makes use of the spin correlations of the two decaying W
bosons that can be measured by studying correlations in the W+W− decay-product system,
(qq¯′)(lν¯) or (l¯ν)(lν¯). The other method is to employ polarized photon beams to measure
various polarization asymmetries of the initial states. Note that in the e+e− mode, only the
former method, the spin correlations of final decay products, is available. The two-photon
mode allows us to combine the two methods. The use of the former technique in the two-
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photon collisions is essentially the same as that in e+e− collisions [11,13] with one crucial
difference; in e+e− collisions the spin of theW+W− system is restricted to J ≥ 1, while in γγ
collisions J = 0 is allowed. For a specific final state such as W+W− and tt¯ the two-photon
cross section is larger than the corresponding e+e− cross section. Especially, the W pair
cross section in the two-photon mode is much larger than that in the e+e− mode because
the γγ mode has contributions from the J = 0 channel near threshold and a t-channel W
boson exchange. Moreover, it is easy to produce (linearly) polarized photon beams through
the Compton back-scattering of polarized laser-light off the initial electron/positron beams.
Hence the γγ mode of future linear colliders provides some unique opportunities to probe
CP violation.
In Section II we describe in a general framework how the photon polarization in the two-
photon mode can be employed to study CP and CPT˜ invariances. Here T˜ is the so-called
naive-time-reversal operation which reverses the signs of the three-momenta and spin of all
particles but does not reverse the direction of the flow of time. The notation is introduced
in Ref. [11]. Assuming that two-photon beams are purely linearly polarized in the colliding
γγ c.m. frame we construct two CP-odd and CPT˜-even asymmetries which allow us to
probe CP violation without any direct information on the momenta and polarization of the
final-state particles. All that we have to do is to count the number of signal events for a
specific polarization configuration of the initial two photons. In Section III we give a short
review of a mechanism of producing highly energetic photons, the Compton backscattering
of laser photons off the electron/positron beam [14], and we introduce two functions that
measure the partial transfers of the linear polarization from the laser beams to the Compton
back-scattered photon beams. We then investigate in detail which parameters are crucial to
optimize the observality of CP violation with linearly polarized laser beams.
In Section IV we study consequences of CP violating new interactions in the bosonic sec-
tor of the SM, by adopting a model-independent approach where we allow all six dimension-
six operators of the electroweak gauge bosons and the Higgs doublet that are CP-odd
[17]. We identify all the vertices and present the Feynman rules relevant for the process
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γγ → W+W−. In Section V, including all the new contributions, we present the helicity
amplitudes of the γγ → W+W− reaction. Folding with the effective two-photon energy
spectrum, we then estimate the size of the two CP-odd asymmetries for a set of CP-odd op-
erator coefficients. In Section VI we present the 1-σ sensitivities to the CP-odd parameters
by assuming a perfect e-γ conversion in the Compton backscattering mechanism for an a
e+e− integrated luminosity of 20 fb−1. We then compare the sensitivities in the two-photon
mode with those in the e+e− mode under the same luminosity and c.m. energy, by restrict-
ing ourselves to the W EDM and the W magnetic quadrapole moment (MQD). Finally in
Section VII we summarize our findings and give conclusions.
II. PHOTON POLARIZATION
In this section we fix our notation to describe in a general framework how photon po-
larization can provide us with an efficient mechanism to probe CP and CPT˜ invariances
in the two-photon mode. With purely linearly-polarized photon beams, we classify all the
distributions according to their CP and CPT˜ properties. Then, we show explicitly how lin-
early polarized photon beams allow us to construct two CP-odd and CPT˜-even asymmetries
which do not require detailed information on the momenta and polarization of the final-state
particles.
A. Formalism
A photon should be transversely polarized. For the photon momentum in the positive z
direction the helicity-±1 polarization vectors are given by
|± >= ∓ 1√
2
(0, 1,±i, 0) . (2.1)
Generally, a purely polarized photon beam state is a linear combination of two helicity states
and the photon polarization vector can be expressed in terms of two angles α and φ in a
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given coordinate system as
|α, φ〉 = − cos(α)e−iφ|+〉+ sin(α)eiφ|−〉, (2.2)
where 0 ≤ α ≤ π/2 and 0 ≤ φ ≤ 2π. Then, the 2× 2 photon density matrix ρ [14,15] in the
helicity basis {|+〉, |−〉} is given by
ρ ≡ |α, φ〉〈α, φ| = 1
2


1 + cos(2α) − sin(2α)e2iφ
− sin(2α)e−2iφ 1− cos(2α)


. (2.3)
It is easy to read from Eq. (2.3) that the degrees of circular and linear polarization are,
respectively,
ξ = cos(2α), η = sin(2α), (2.4)
and the direction of maximal linear polarization is denoted by the azimuthal angle φ in the
given coordinate system. Note that ξ2 + η2 = 1 as expected for a purely polarized photon.
For a partially polarized photon beam it is necessary to rescale ξ and η by its degree of
polarization P (0 ≤ P ≤ 1) as
ξ = P cos(2α), η = P sin(2α), (2.5)
such that ξ2 + η2 = P 2.
Let us now consider the two-photon system in the center-of-mass frame where one photon
momentum is along the positive z direction. The state vector of the two photons is
|α1, φ1;α2, φ2〉 = |α1, φ1〉|α2,−φ2〉
= cos(α1) cos(α2) e
−i(φ1−φ2)|++〉 − cos(α1) sin(α2) e−i(φ1+φ2)|+−〉
− sin(α1) cos(α2) ei(φ1+φ2)| −+〉+ sin(α1) sin(α2) ei(φ1−φ2)| − −〉, (2.6)
and then the transition amplitude from the polarized two-photon state to a final state X in
the two-photon c.m. frame is simply given by
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〈X|M |α1, φ1;α2, φ2〉. (2.7)
The azimuthal angles φ1 and φ2 are the directions of maximal linear polarization of the
two photons, respectively, in a common coordinate system (see Fig. 1). In the process
γγ →W+W−, the scattering plane is taken to be the x-z plane in the actual calculation of
the helicity amplitudes. The maximal linear polarization angles are then chosen as follows.
The angle φ1 (φ2) is the azimuthal angle of the maximal linear polarization of the photon
beam, whose momentum is in the positive (negative) z direction, with respect to the direction
of the W+ momentum. Note that we have used |α2,−φ2〉 in Eq. (2.6) for the photon whose
momentum is along the negative z direction in order to employ a common coordinate system
for the two-photon system.
For later convenience we introduce the abbreviation
Mλ1λ2 = 〈X|M |λ1λ2〉, (2.8)
and two angular variables:
χ = φ1 − φ2, φ = φ1 + φ2, (2.9)
where −2π ≤ χ ≤ 2π and 0 ≤ φ ≤ 4π for a fixed χ. It should be noted that (i) the
azimuthal angle difference, χ, is independent of the final state, while the azimuthal angle
sum, φ, depends on the scattering plane, and (ii) both angles are invariant with respect to
the Lorentz boost along the two-photon beam direction.
It is now straightforward to obtain the angular dependence of the γγ → X cross section
on the initial beam polarizations
Σ(ξ, ξ¯; η, η¯;χ, φ) ≡∑
X
| < X|M |ξ, ξ¯; η, η¯;χ, φ > |2
=
1
4
∑
X
[
|M++|2 + |M+−|2 + |M−+|2 + |M−−|2
]
+
ξ
4
∑
X
[
|M++|2 + |M+−|2 − |M−+|2 − |M−−|2
]
+
ξ¯
4
∑
X
[
|M++|2 − |M+−|2 + |M−+|2 − |M−−|2
]
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+
ξξ¯
4
∑
X
[
|M++|2 − |M+−|2 − |M−+|2 + |M−−|2
]
−η
2
Re
[
e−i(χ+φ)
∑
X
(
M++M
∗
−+ +M+−M
∗
−−
)]
− η¯
2
Re
[
e−i(χ−φ)
∑
X
(
M++M
∗
+− +M−+M
∗
−−
)]
−ηξ¯
2
Re
[
e−i(χ+φ)
∑
X
(
M++M
∗
−+ −M+−M∗−−
)]
− η¯ξ
2
Re
[
e−i(χ−φ)
∑
X
(
M++M
∗
+− −M−+M∗−−
)]
+
ηη¯
2
Re
[
e−2iφ
∑
X
(
M+−M
∗
−+
)
+ e−2iχ
∑
X
(
M++M
∗
−−
)]
, (2.10)
where the summation over X is for the polarizations of the final states, and (ξ, ξ¯) denote
the degrees of circular polarization and (η, η¯) denote those of linear polarization of the two
initial photon beams, respectively. They are expressed in terms of two parameters α1 and
α2 by
ξ = P cos(2α1), ξ¯ = P¯ cos(2α2),
η = P sin(2α1), η¯ = P¯ sin(2α2), (2.11)
where P and P¯ (0 ≤ P, P¯ ≤ 1) are the polarization degrees of the two colliding photons.
It is easy to check that there are sixteen independent terms, which are all measurable in
polarized two-photon collisions. We find that purely linearly polarized photon beams allow
us to determine nine terms among all the sixteen terms, while purely circularly polarized
photon beams allow us to determine only four terms. The first term in Eq. (2.10), which
corresponds to the unpolarized cross section, is determined in both cases. However, both
circular and linear polarizations are needed to determine the remaining four terms.
Even though we obtain more information with both circularly and linearly polarized
beams, we study in this paper mainly the case where two photons are linearly polarized but
not circularly polarized. The expression of the angular dependence then greatly simplifies
to
D(η, η¯;χ, φ) = Σunpol − 1
2
Re
[ (
ηe−iφ + η¯eiφ)
)
e−iχΣ02
]
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+
1
2
Re
[ (
ηe−iφ − η¯eiφ
)
e−iχ∆02
]
+ ηη¯Re
[
e−2iφΣ22 + e
−2iχΣ00
]
, (2.12a)
= Σunpol − 1
2
[η cos(φ+ χ) + η¯ cos(φ− χ)]R(Σ02)
+
1
2
[η sin(φ+ χ)− η¯ sin(φ− χ)]I(Σ02)
−1
2
[η cos(φ+ χ)− η¯ cos(φ− χ)]R(∆02)
+
1
2
[η sin(φ+ χ) + η¯ sin(φ− χ)]I(∆02)
+ηη¯ cos(2φ)R(Σ22) + ηη¯ sin(2φ)I(Σ22)
+ηη¯ cos(2χ)R(Σ00) + ηη¯ sin(2χ)I(Σ00), (2.12b)
where the invariant functions are defined as
Σunpol =
1
4
∑
X
[
|M++|2 + |M+−|2 + |M−+|2 + |M−−|2
]
Σ02 =
1
2
∑
X
[
M++(M
∗
+− +M
∗
−+) + (M+− +M−+)M
∗
−−
]
∆02 =
1
2
∑
X
[
M++(M
∗
+− −M∗−+)− (M+− −M−+)M∗−−
]
Σ22 =
1
2
∑
X
(M+−M
∗
−+), Σ00 =
1
2
∑
X
(M++M
∗
−−), (2.13)
with the subscripts, 0 and 2, representing the magnitude of the sum of the helicities of the
initial two-photon system.
B. Symmetry properties
It is useful to classify the invariant functions according to their transformation properties
under the discrete symmetries, CP and CPT˜ [11]. We find that CP invariance leads to the
relations
∑
X
(
Mλ1λ2M
∗
λ′
1
λ′
2
)
=
∑
X
(
M−λ2,−λ1M
∗
−λ′
2
,−λ′
1
)
, (2.14a)
dσ(φ, χ; η, η¯) = dσ(φ,−χ; η¯, η), (2.14b)
and, if there are no absorptive parts in the amplitudes, CPT˜ invariance leads to the real-
taions
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∑
X
(
Mλ1λ2M
∗
λ′
1
λ′
2
)
=
∑
X
(
M∗−λ2,−λ1M−λ′2,−λ′1
)
, (2.15a)
dσ(φ, χ; η, η¯) = dσ(−φ, χ; η¯, η). (2.15b)
The nine invariant functions in Eq. (2.12b) can then be divided into four categories under
CP and CPT˜: even-even, even-odd, odd-even, and odd-odd terms as in Table 1. CP-odd
coefficients directly measure CP violation and CPT˜-odd terms indicate rescattering effects
(absorptive parts in the scattering amplitudes). Table 1 shows that there exist three CP-
odd functions; I(Σ02), I(Σ00) and R(∆02). Here, R and I are for real and imaginary parts,
respectively. While the first two terms are CPT˜-even, the last term R(∆02) is CPT˜-odd.
Since the CPT˜-odd termR(∆02) requires the absorptive part in the amplitude, it is generally
expected to be smaller in magnitude than the CPT˜-even terms. We therefore study the two
CP-odd and CPT˜-even distributions; I(Σ02) and I(Σ00).
TABLE I. CP and CPT˜ properties of the invariant functions and the angular distri-
butions.
CP CPT˜ Invariant functions Angular dependences
even even Σunpol
R(Σ02) η cos(φ+ χ) + η¯ cos(φ− χ)
R(Σ22) ηη¯ cos(2φ)
R(Σ00) ηη¯ cos(2χ)
even odd I(∆02) η sin(φ+ χ) + η¯ sin(φ− χ)
I(Σ22) ηη¯ sin(2φ)
odd even I(Σ02) η sin(φ+ χ)− η¯ sin(φ− χ)
I(Σ00) ηη¯ sin(2χ)
odd odd R(∆02) η cos(φ+ χ)− η¯ cos(φ− χ)
We can define two CP-odd asymmetries from the two distributions, I(Σ02) and I(Σ00).
First, we note that the Σ00 term does not depend on the azimuthal angle φ whereas the
Σ02 does. In order to improve the observability we may integrate the I(Σ02) term over the
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azimuthal angle φ with an appropriate weight function. Without any loss of generality we
can take η = η¯. Then, the quantity I(Σ00) in Eq. (2.12b) can be separated by taking the
difference of the distributions at χ = ±π/4 and the I(Σ02) by taking the difference of the
distributions at χ = ±π/2. As a result we obtain the following two integrated CP-odd
asymmetries:
Aˆ02 =
(
2
π
) I(Σ02)
Σunpol
, Aˆ00 =
I(Σ00)
Σunpol
, (2.16)
where the factor (2/π) in the Aˆ02 stems from taking the average over the azimuthal angle φ
with the weight function sign(cosφ):
Aˆ02 =
∫ 4pi
0 dφ[sign(cosφ)]
[ (
dσ
dφ
)
χ=pi
2
−
(
dσ
dφ
)
χ=−pi
2
]
∫ 4pi
0 dφ
[ (
dσ
dφ
)
χ=pi
2
+
(
dσ
dφ
)
χ=−pi
2
] , (2.17a)
Aˆ00 =
∫ 4pi
0 dφ
[ (
dσ
dφ
)
χ=pi
4
−
(
dσ
dφ
)
χ=−pi
4
]
∫ 4pi
0 dφ
[ (
dσ
dφ
)
χ=pi
4
+
(
dσ
dφ
)
χ=−pi
4
] . (2.17b)
In pair production processes such as γγ → W+W−, all the distributions, Σi, can be inte-
grated over the scattering angle θ with a CP-even angular cut so as to test CP violation.
III. PHOTON LINEAR COLLIDER
In this section we give a short review of the powerful mechanism of providing an energetic,
highly polarized photon beam; the Compton laser backscattering [14] off energetic electron
or positron beams. After the review we introduce two functions to describe partial linear
polarization transfer from the laser beams to the backscattered photon beams for the photon-
photon collisions.
We assume that the electron or positron beams are unpolarized and the laser beams
are purely linearly polarized. Even in that case the backscattered photon beam is not
purely linearly polarized but only part of the laser linear polarization is transferred to the
backscattered energetic high-energy photon beam.
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A. Photon spectrum
We consider the situation where a purely linearly polarized laser beam of frequency ω0
is focused upon an unpolarized electron or positron beam of energy E. In the collision of
a laser photon beam and a linac electron beam, a high energy photon beam of energy ω,
which is partially linearly polarized, is emitted at a very small angle, along with the scattered
electron beam of energy E ′ = E−ω. The kinematics of the Compton backscattering process
is then characterized by the dimensionless parameters x and y:
x =
4Eω0
m2e
≈ 15.3
(
E
TeV
)(
ω0
eV
)
, y =
ω
E
. (3.1)
In general, the backscattered photon energies increase with x; the maximum photon energy
fraction is given by ym = x/(1 + x). Operation below the threshold [14] for e
+e− pair
production in collisions between the laser beam and the Compton-backscattered photon
beam requires x ≤ 2(1 +√2) ≈ 4.83; the lower bound on x depends on the lowest available
laser frequency and the production threshold of a given final state.
The backscattered photon energy spectrum is given by the function
φ0(y) =
1
1− y + 1− y − 4r(1− r), (3.2)
where r = y/(x(1 − y)). Fig.2(a) shows the photon energy spectrum for various values of
x. Clearly large values of x are favored to produce highly energetic photons. On the other
hand, the degree of linear polarization of the backscattered photon beam is given by [14]
η(y) =
2r2
φ0(y)
. (3.3)
The maximum linear polarization is reached for y = ym (See Fig. 2(b)),
ηmax = η(ym) =
2(1 + x)
1 + (1 + x)2
, (3.4)
and approaches unity for small values of x. In order to retain large linear polarization we
should keep the x value as small as possible.
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B. Linear polarization transfers
In the two-photon collision case only part of each laser linear polarization is transferred
to the high-energy photon beam. We introduce two functions, Aη and Aηη, to denote the
degrees of linear polarization transfer [19] as
Aη(τ) = 〈φ0φ3〉τ〈φ0φ0〉τ , Aηη(τ) =
〈φ3φ3〉τ
〈φ0φ0〉τ , (3.5)
where φ3(y) = 2r
2 and τ is the ratio of the γγ c.m. energy squared sˆ to the e+e− collider
energy squared s. The function Aη is for the collision of an unpolarized photon beam
and a linearly polarized photon beam and the function Aηη for the collision of two linearly
polarized photon beams. The convolution integrals 〈φiφj〉τ (i, j = 0, 3) for a fixed value of
τ are defined as
〈φiφj〉τ = 1N 2(x)
∫ ym
τ/ym
dy
y
φi(y)φj(τ/y), (3.6)
where the normalization factor N (x) is given by the integral of the photon energy spectrum
φ0 over y as
N (x) =
∫ ym
0
φ0(y)dy = ln(1 + x)
[
1− 4
x
− 8
x2
]
+
1
2
+
8
x
− 1
2(1 + x)2
. (3.7)
The event rates of the γγ → X reaction with polarized photons can be obtained by
folding a photon luminosity spectral function with the γγ → X production cross section as
(for η = η¯)
dNγγ→X = dLγγ · dσˆ(γγ → X), (3.8)
where
dLγγ = κ
2Lee〈φ0φ0〉τdτ, (3.9a)
dσˆ(γγ → X) = 1
2sˆ
dΦX
[
Σunpol − ηAη cosφRe
(
e−iχΣ02
)
+ηAη sinφIm
(
e−iχ∆02
)
+ η2AηηRe
(
e−2iφΣ22 + e
−2iχΣ00
)]
. (3.9b)
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Here, κ is the e-γ conversion coefficient in the Compton backscattering and dΦX is the phase
space factor of the final state, which is given for X = W+W− by
dΦW+W− =
βˆ
32π2
d cos θˆdφ. (3.10)
The distribution (3.9b) of event rates enables us to construct two CP-odd asymmetries;
A02 =
(
2
π
)
N02
Nunpol
, A00 =
N00
Nunpol
, (3.11)
where with τmax = y
2
m and τmin = M
2
X/s we have for the event distributions

Nupl
N02
N00


= κ2Lee
1
2s
∫ τmax
τmin
dτ
τ
∫
dΦX〈φ0φ0〉τ


Σunpol
ηAηI (Σ02)
η2AηηI (Σ00)


. (3.12)
The asymmetries depend crucially on the two-photon spectrum and the two linear polariza-
tion transfers.
We first investigate the
√
τ dependence of the two-photon spectrum and the two linear
polarization transfers, Aη and Aηη by varying the value of the dimensionless parameter x.
Three values of x are chosen; x = 0.5, 1, and 4.83. Two figures in Fig. 3 clearly show that
the energy of two photons reaches higher ends for larger x values but the maximum linear
polarization transfers are larger for smaller x values. We also note that Aη (solid lines) is
larger than Aηη (dashed lines) in the whole range of
√
τ . We should keep the parameter
x as large as possible to reach higher energies. However, larger CP-odd asymmetries can
be obtained for smaller x values. Therefore, there should exist a compromised value of x
for the optimal observality of CP violation. The energy dependence of the subprocess cross
section and that of the CP-odd asymmetries are both essential to find the optimal x value.
IV. CP-ODD WEAK-BOSON COUPLINGS
In this section we describe how CP violation from new interactions among electroweak
vector bosons can be probed in a model-independent way in the W pair production in two-
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photon collisions. We adopt the effective Lagrangian with most general CP-odd interactions
among electroweak gauge bosons. The basic assumptions are that the operators with lowest
energy dimension (6) dominate the CP-odd amplitudes and that they respect the electroweak
gauge invariance which is broken spontaneously by an effective SU(2)-doublet scalar. The
effective Lagrangian then determines the energy dependence of the scattering amplitudes at
energies below the new physics scale.
A. Effective Lagrangian with CP-odd operators
The effects of new physics are parametrized by using an effective Lagrangian in a model
and process independent way. As for the electroweak gauge symmetry breaking parameter,
we adopt the effective SU(2)-doublet scalar field Φ, which is more convenient when a physical
Higgs boson appears at low energies. In addition to the Higgs doublet field Φ, the building
blocks of the gauge-invariant operators are the covariant derivatives of the Higgs field, DµΦ,
and the non-Abelian-field strength tensors W Iµν (I = 1, 2, 3) and Bµν of the SU(2)L and
U(1)Y gauge fields, respectively. Considering CP-odd interactions of dimension six, we can
construct six independent operators that are relevant for the process γγ → W+W−
OBB˜ = g′2(Φ†Φ)BµνB˜µν , (4.1a)
OBW˜ = gg′(Φ†σIΦ)BµνW˜ Iµν , (4.1b)
OWW˜ = g2(Φ†Φ)W IµνW˜ Iµν , (4.1c)
OB˜ = ig′
[
(DµΦ)
†(DνΦ)
]
B˜µν , (4.1d)
OW˜ = ig
[
(DµΦ)
†σI(DνΦ)
]
W˜ Iµν , (4.1e)
OWWW˜ = g3ǫIJKW˜ IµνW Jρν WKρµ, (4.1f)
where W˜ Iµν = 1
2
ǫµναβW Iαβ , B˜
µν = 1
2
ǫµναβB˜αβ, σ
I are the Pauli matrices, and the
SU(2)L×U(1)Y covariant derivative is given by
Dµ = ∂µ + ig
σI
2
W Iµ + ig
′Y Bµ, (4.2)
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with the isospin indices I, J and K (= 1, 2, 3) and the SU(2) and U(1) couplings, g and g′,
respectively. The effective Lagrangian is written as
L = LSM + 1
Λ2
[
fBB˜OBB˜ + fBW˜OBW˜ + fWW˜OWW˜
+ fB˜OB˜ + fW˜OW˜ + fWWW˜OWWW˜
]
, (4.3)
where the dimension-six terms Oi are scaled by the common dimensional parameter Λ with
dimensionless coefficients fi. The fields W
3 and B are related in terms of the Weinberg
angle θW to the Z and photon fields, Z and A as
W
3
B

 =

 cos θW sin θW− sin θW cos θW



 Z
A

 . (4.4)
Incidentally, as we are interested in the photon-induced process γγ → W+W−, we can
neglect the terms involving the Z field. Then all the terms for the process γγ → W+W−
can be derived by the following effective replacements
W−µν → (∂µ − ieAµ)W−ν − (∂ν − ieAν)W−µ , (4.5a)
W+µν → (∂µ + ieAµ)W+ν − (∂ν + ieAν)W+µ , (4.5b)
W 3µν → sin θWFµν +
ie
sin θW
(W+µ W
−
ν −W+ν W−µ ), (4.5c)
Bµν → cos θWFµν , (4.5d)
where Fµν = ∂µAν − ∂νAµ. We take the unitary gauge where the scalar doublet Φ with
hypercharge Y = 1
2
takes the form
Φ =
1√
2
(v +H)

 0
1

 . (4.6)
H denotes the Higgs boson in the SM. It is now straightforward to obtain the new CP-odd
vertices among terms of the component fields, W±, A, and H in the unitary gauge.
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B. CP-odd vertices
In this section we give the Feynman rules for the γWW , γγH , HWW , and γγWW
vertices, relevant for the γγ →W+W− reaction. Table 2 shows which vertices already exist
in the SM at tree level and which new vertices appear from the new dimension-six CP-odd
operators. Firstly, the three operators, OBB˜ , OBW˜ , and OWW˜ contribute to the γγH vertex.
Secondly, we find that the operator OWWW˜ gives a new CP-odd γWW vertex and a new
CP-odd γγWW vertex, which are related by U(1) electromagnetic gauge invariance. In
addition, the three operators, OBW˜ , OW˜ , and OB˜ contribute to the γWW vertex as well.
Thirdly, we find that OWW˜ and OW˜ contribute to the HWW vertex.
TABLE II. Vertices relevant for the process γγ → W+W− in the SM with dimension-
six CP-odd terms.
Vertex γWW γγWW HWW γγH
SM © © © X
OBB˜ X X X ©
OBW˜ © X X ©
OWW˜ X X © ©
OB˜ © X X X
OW˜ © X © X
OWWW˜ © © X X
For convenience we define four new dimensionless form factors, Yi (i = 1 to 4), which are
related with the coefficients, fi’s (i = BB˜,BW˜ ,WW˜ , B˜, W˜ ,WWW˜ ) as
Y1 =
(
mW
Λ
)2 [
fBW˜ +
1
4
fB˜ + fW˜
]
, Y2 =
(
mW
Λ
)2 g2
4
fWWW˜ ,
Y3 =
(
mW
Λ
)2 [
fWW˜ +
1
4
fW˜
]
, Y4 =
(
mW
Λ
)2 [
fBB˜ − fBW˜ − fWW˜
]
. (4.7)
If all the coefficients, fi, are of the similar size, then Y2 would be about ten times smaller
than the other form factors in size because of the factor g2/4 ∼ 0.1. We denote the Feynman
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rule of a vertex V in the form; ieΓV. It is then straightforward to derive the explicit form
of two simple γγH and HWW vertices;
ΓµνγγH(k1, k2) =
8Y4
mW
sin θW ǫ
µνρσk1ρk2σ, (4.8)
ΓαβHWW (q1, q2) =
mW
sin θW
gαβ +
8Y3
mW sin θW
ǫαβρσq1ρq2σ, (4.9)
where k1(µ) and k2(ν) are four-momenta (Lorentz indices) of two incoming photons and q1(α)
and q2(β) are four-momenta (Lorentz indices) for the outgoing W
+ and W−, respectively.
In the SM the γγH vertex appears in the one-loop level, we do not study its consequences
in this paper. The triple γWW vertex is
ΓµαβγWW (k, q1, q2) = (q1 − q2)µgαβ − (q1 + k)βgµα + (k + q2)αgµβ
−4Y1ǫµαβρkρ
+12
Y2
m2W
[
2(q1 · q2)ǫµαβρ− qα2 ǫµβρσ(q1 − q2)σ− qβ1 ǫµαρσ(q1 − q2)σ
]
kρ, (4.10)
where k = q1 + q2, and the quartic γγWW vertex is
ΓµναβγγWW (k1, k2, q1, q2) = −2gµνgαβ + gµαgνβ + gµβgνα
+ 8
Y2
m2W
[
2gαβǫµνρσk1ρk2σ + 2g
µνǫαβρσq1ρq2σ
− gµαǫνβρσq2ρk2σ − gµβǫναρσq1ρk2σ
− gναǫµβρσq2ρk1σ − gνβǫµαρσq1ρk1σ + (k1 − k2) · (q1 − q2)ǫµναβ
+ kµ2 ǫ
ναβρ(q1 − q2)ρ + kν1ǫµαβρ(q1 − q2)ρ
+ qα2 ǫ
µνβρ(k1 − k2)ρ + qβ1 ǫµναρ(k1 − k2)ρ
+ (q1 − q2)µǫναβρ(k1 + k2)ρ + (q1 − q2)νǫµαβρ(k1 + k2)ρ
+ (k1 − k2)αǫµνβρ(q1 + q2)ρ + (k1 − k2)βǫµναρ(q1 + q2)ρ
]
. (4.11)
V. HELICITY AMPLITUDES FOR γγ →W+W−
In this section we present the complete calculation of polarization amplitudes for the
process
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γ(k1, λ1) + γ(k2, λ2)→W+(q1, λ3) +W−(q2, λ4), (5.1)
with the effective Lagrangian (4.3) in Section IV. The four-momentum and the helicity of
each particle are shown in the parenthesis. The helicities of the W are given in the γγ
c.m. frame. Helicity amplitudes contain full information of the process. The relative phases
of the amplitudes are essential because the interference of different photon and W helicity
states gives a nontrivial azimuthal-angle dependence.
By taking the two photon momenta along the z-axis and by taking the W+ momentum
in the x-z plane (see Fig. 1), the four-momenta are parametrized as
kµ1 =
√
sˆ
2
(1, 0, 0, 1), kµ2 =
√
sˆ
2
(1, 0, 0,−1),
qµ1 =
√
sˆ
2
(
1, βˆ sin θ, 0, βˆ cos θ
)
, qµ2 =
√
sˆ
2
(
1,−βˆ sin θ, 0,−βˆ cos θ
)
. (5.2)
The incoming photon polarization vectors are
ǫµ1 (±) = ∓
1√
2
(0, 1,±i, 0), ǫµ2 (±) = ∓
1√
2
(0, 1,∓i, 0), (5.3)
and the transverse (helicity-±1) and longitudinal (helicity-0) polarization vectors of the W±
bosons are
ǫ∗µ3 (±) = ∓
1√
2
(0, cos θ,∓i,− sin θ) , ǫ∗µ4 (±) = ∓
1√
2
(0,− cos θ,∓i, sin θ) ,
ǫ∗µ3 (0) =
√
sˆ
2mW
(
βˆ, sin θ, 0, cos θ
)
, ǫ∗µ4 (0) =
√
sˆ
2mW
(
βˆ,− sin θ, 0,− cos θ
)
, (5.4)
respectively.
TABLE III. Explicit form of the d functions needed.
d22,2(θ) = d
2
−2,−2(θ) =
1
4
(1 + cos θ)2
d22,−2(θ) = d
2
−2,2(θ) =
1
4
(1− cos θ)2
d22,1(θ) = −d2−2,−1(θ) = −12(1 + cos θ) sin θ
d22,−1(θ) = −d2−2,1(θ) = 12(1− cos θ) sin θ
d22,0(θ) = d
2
−2,0(θ) = d
2
0,2(θ) = d
2
0,−2(θ) =
√
3
8
sin2 θ
d10,1(θ) = d
1
0,−1(θ) =
√
1
2
sin θ
d00,0(θ) = 1
19
The helicity amplitudes can then be parametrized as
Mλ1λ2;λ3λ4(θ) = e2M˜λ1λ2;λ3λ4(θ)dJ0∆λ12,∆λ34, (5.5)
where ∆λ12 = λ1 − λ2, ∆λ34 = λ3 − λ4, J0 = max(|∆λ12|, |∆λ34|), and dJ0∆λ12,∆λ34 is the d
function. The explicit form of the d functions needed here is listed in Table 3.
We separate the amplitude into the SM contribution and the new CP-odd contributions
with the factor i extracted
M˜ = M˜SM + iM˜N , (5.6)
where the new contribution can be decomposed in the form
M˜N = Y1M˜Y1 + Y2M˜Y2 + Y3M˜Y3 + Y4M˜Y4. (5.7)
Here we retain only those terms with one insertion of CP-odd operators.
A. The Standard Model amplitudes
The process γγ → W+W− is P and CP preserving in the SM at tree level. This leads
to the following relations
P : M˜λ1λ2;λ3λ4 = M˜−λ1,−λ2;−λ3,−λ4, CP : M˜λ1λ2;λ3λ4 = M˜−λ2,−λ1;−λ4,−λ3. (5.8)
The Bose symmetry leads to the relation;
M˜λ1λ2;λ3λ4 = M˜λ2λ1;λ3λ4 (cos θ → − cos θ). (5.9)
Let us rewrite the amplitude in the form
M˜SM = N˜
SM
1− βˆ2 cos2 θ , (5.10)
by extracting the t- and u-channelW boson propagator factor. It is clear that the coefficients
N˜ ’s satisfy the same P, CP and Bose-symmetry relations as MˆSM . We find for the positive
photon helicity (λ1 = +),
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N˜ SM++;++ = 2(1 + βˆ)2, N˜ SM++;+0 = N˜ SM++;+− = N˜ SM++;0+ = 0,
N˜ SM++;00 = −8rˆ , N˜ SM++;0− = N˜ SM++;−+ = N˜ SM++;−0 = 0,
N˜ SM++;−− = 2(1− βˆ)2, N˜ SM+−;++ = 32√6rˆ , N˜ SM+−;+− = 8,
N˜ SM+−;+0 = N˜ SM+−;0+ = 8√2rˆ , N˜ SM+−;00 = 4
√
2
3
(2− βˆ2),
(5.11)
where rˆ = sˆ/m2W . The other remaining coefficients can be obtained by using the P and
CP relations (5.8) and the Bose-symmetry We note the following three features of the SM
amplitudes;
• The amplitudes for producing two W ’s with the non-vanishing total spin component
along the W boson momentum direction (∆λ34) vanish when the initial state has
Jz = ∆λ12 = 0.
• The amplitude for producing two longitudinal W ’s from a Jz = 0 initial state is
suppressed by a factor of 1/rˆ in the SM. The same behaviour should appear in the
production of two charged scalars such as γγ → π+π−.
• The amplitudes for producing two right-(left-)handedW ’s from two left-(right-)handed
photons is suppressed by a factor of 1/rˆ2.
The results are consistent with those by Yehudai [3] and by Be´langer, et.al [8].
B. CP-odd amplitudes
Every CP-odd amplitude and its CP-conjugate amplitude satisfies the following relation
M˜Yiλ1λ2;λ3λ4 = −M˜Yi−λ2,−λ1;−λ4,−λ3 (i = 1, 2, 3, 4), (5.12)
since the factor of i is extracted in the full helicity amplitude (5.6). It then follows that any
CP self-conjugate amplitude has vanishing contribution from the CP-odd terms;
M˜Yi(±∓;±∓) = M˜Yi(±∓;∓±) = M˜Yi(±∓; 00) = 0 (i = 1, 2, 3, 4). (5.13)
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The Y1 and Y2 terms contribute to the t- and u- channels and Y2 contributes to the
contact γγWW diagram as well. By using the notation
M˜Yi = N˜
Yi
1− βˆ2 cos2 θ , (i = 1, 2), (5.14)
we find that the non-vanishing Y1 contributions are
N˜ Y1++;++ = −N˜ Y1−−;−− = 8
[
2 + βˆ(1 + cos2 θ)
]
,
N˜ Y1++;+0 = −N˜ Y1−−;0− = N˜ Y1++;0+ = −N˜ Y1−−;−0 = 4
√
rˆβˆ(1 + βˆ),
N˜ Y1++;00 = −N˜ Y1−−;00 = −4rˆ(1− βˆ2 cos2 θ),
N˜ Y1++;0− = −N˜ Y1−−;+0 = N˜ Y1++;−0 = −N˜ Y1−−;0+ = −4
√
rˆβˆ(1− βˆ),
N˜ Y1++;−− = −N˜ Y1−−;++ = 8
[
2− βˆ(1 + cos2 θ)
]
,
N˜ Y1+−;++ = −N˜ Y1+−;−− = N˜ Y1−+;++ = −N˜ Y1−+;−− = −
32√
6
βˆ,
N˜ Y1+−;+0 = −N˜ Y1+−;0− = N˜ Y1+−;0+ = −N˜ Y1+−;−0 = N˜ Y1−+;+0
= −N˜ Y1−+;0− = N˜ Y1−+;0+ = −N˜ Y1−+;−0 = −4
√
2rˆβˆ, (5.15)
and the non-vanishing Y2 contributions are
N˜ Y2++;++ = −N˜ Y2−−;−− = −12rˆ
[
1− 3βˆ + βˆ2 + βˆ3 + (1 + βˆ − 3βˆ2 + βˆ3) cos2 θ
]
,
N˜ Y2++;+0 = −N˜ Y2−−;0− = N˜ Y2++;0+ = −N˜ Y2−−;−0 = −24
√
rˆ(βˆ + 1)(βˆ − 2) cos θ,
N˜ Y2++;+− = −N˜ Y2−−;+− = N˜ Y2++;−+ = −N˜ Y2−−;−+ = −
48√
6
rˆ(1 + βˆ2),
N˜ Y2++;00 = −N˜ Y2−−;00 = 96 sin2 θ,
N˜ Y2++;0− = −N˜ Y2−−;+0 = N˜ Y2++;−0 = −N˜ Y2−−;0+ = 24
√
rˆ(βˆ − 1)(βˆ + 2) cos θ,
N˜ Y2++;−− = −N˜ Y2−−;++ = −12rˆ
[
1 + 3βˆ + βˆ2 − βˆ3 + (1− βˆ − 3βˆ2 − βˆ3) cos2 θ
]
,
N˜ Y2+−;++ = −N˜ Y2+−;−− = N˜ Y2−+;++ = −N˜ Y2−+;−− =
48√
6
rˆ(1 + βˆ2),
N˜ Y2+−;+0 = −N˜ Y2+−;0− = N˜ Y2+−;0+ = −N˜ Y2+−;−0 = N˜ Y2−+;+0
= −N˜ Y2−+;0− = N˜ Y2−+;0+ = −N˜ Y2−+;−0 = 24
√
2rˆβˆ. (5.16)
The two contributions behave differently at high energies. The Y1 contributions are
22
dominant in the amplitudes for producing two longitudinal W ’s from the JZ = 0 initial
photon state
N˜ Y1±±;00 → ∓4rˆ sin2 θ, (5.17)
while the Y2 contributions are dominant in the amplitudes for producing two transverse W ’s
except for the (±±;±±) modes
N˜ Y2±±;∓∓ → ∓48rˆ sin2 θ,
N˜ Y2±±;+− = N˜ Y2±±;−+ → ∓16
√
6rˆ,
N˜ Y2+−;±± = N˜ Y2−+;±± → ±16
√
6rˆ. (5.18)
The high-energy behavior of two sets of amplitudes (5.15) and (5.16) are in sharp contrast to
that of the SM amplitudes whose dominant contributions are in the (±±;±±), (±∓;±∓),
and (±∓; 00) modes. Because of this, interference between different helicity amplitudes are
essential to observe significant CP violation effects. Use of the linearly polarized photon
beams allow us to study interference between the leading CP-even (SM) amplitudes and the
leading CP-odd amplitudes. In our approximation of neglecting the one-loop γγH vertex of
the SM, there is no contribution from the Y3 term;
M˜Y3 = 0. (5.19)
On the other hand Y4 contributes to the s-channel scalar exchange diagram in the helicity
amplitudes with ∆λ12 = ∆λ34 = 0. An explicit calculation shows that the non-vanishing
amplitudes, M˜Y4 , are as follows;
M˜Y4++;++ = −M˜Y4−−;−− = 4χH(sˆ),
M˜Y4++;00 = −M˜Y4−−;00 = −rˆ(1 + βˆ2)χH(sˆ),
M˜Y4++;−− = −M˜Y4−−;++ = 4χH(sˆ), (5.20)
where χH is the Higgs propagator factor
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χH(sˆ) =
sˆ
sˆ−m2H + imHΓH
. (5.21)
In the subsequent numerical studies, we examine the case with mH = 100 GeV where the
width ΓH is safely neglected. We will study the mH ≥ 2mW case elsewhere, since there both
the tree- and one-loop SM amplitudes are relevant.
VI. DIFFERENTIAL CROSS SECTION
In counting experiments where the final W polarizations are not analyzed, we measure
only the following combinations:
∑
X
Mλ1λ2M
∗
λ′
1
λ′
2
= e4
∑
λ3
∑
λ4
M˜λ1λ2;λ3λ4M˜∗λ′
1
λ′
2
;λ3λ4
. (6.1)
We then find Σunpol, Σ02, ∆02, Σ22, and Σ00 from Eq. (13). The differential cross section for
a fixed angle χ is
d2σ
d cos θdφ
(χ) =
α2
8sˆ(1− βˆ2 cos2 θ)2
{
Σˆunpol − 1
2
Re
[ (
ηe−i(χ+φ) + η¯e−i(χ−φ)
)
Σˆ02
]
+
1
2
Re
[ (
ηe−i(χ+φ) − η¯e−i(χ−φ)
)
∆ˆ02
]
+ ηη¯Re
[
e−2iφΣˆ22 + e
−2iχΣˆ00
]}
, (6.2)
Σi =
e2Σˆi
(1− βˆ2 cos2 θ)2 , ∆02 =
e2∆ˆ02
(1− βˆ2 cos2 θ)2 , (6.3)
for i = unpol, 02, 22, and 00.
We first note that all the real parts of the distributions (6.1) are independent of the
anomalous CP-odd form factors Yi up to linear order
Σˆunpol = 38− 4βˆ2(3− 8 cos2 θ) + 6βˆ4(1 + sin4 θ),
R(Σˆ02) = 96rˆ βˆ2 sin2 θ, R(∆ˆ00) = 0,
R(Σˆ22) = 6βˆ4 sin4 θ, R(Σˆ00) = 96rˆ2 .
(6.4)
On the other hand, two CP-odd distributions, I(Σˆ02) and I(Σˆ00), have contributions from
the Y1, Y2, and Y4 terms
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I(Σˆ02) = −4rˆβˆ2
[
4(1− βˆ2 cos2 θ)R(Y1) + 48(3 + βˆ2 cos2 θ)R(Y2)
+ (5− 3βˆ2)(1− βˆ2 cos2 θ)R(Y4χH)
]
sin2 θ, (6.5)
I(Σˆ00) = 24
[
4R(Y1)− 4rˆ(1 + 3βˆ2)R(Y2) + (1 + βˆ2)R(Y4χH)
]
(1− βˆ2 cos2 θ). (6.6)
A few comments on the CP-odd distributions are in order.
• I(Σˆ02) has βˆ2 as an overall factor such that the contribution vanishes at the threshold,
whereas I(Σˆ00) does not.
• Both CP-odd distributions have the angular terms (sin2 θ and 1− βˆ2 cos2 θ) which be-
come largest at the scattering angle θ = π/2, where the SM contributions are generally
small. We, therefore, expect large CP-odd asymmetries at θ ≈ π/2.
• Each term in I(Σ02) has a different angular dependence which allows us to disentangle
them. On the other hand, we note that all the terms in I(Σ00) mode all the contri-
butions have the same angular dependence. The only way to distinguish them is to
study its energy dependence. We show that this can be efficiently done by adjusting
the laser beam frequency in the Compton backscattering mode.
• At high energies (rˆ >> 1), R(Y1) and R(Y3) are measured from I(Σ02), whereas R(Y2)
affects both I(Σ00) and I(Σ02).
VII. OBSERVABLE CONSEQUENCES OF CP-ODD COUPLINGS
Let us estimate the various experimental branching fractions of W decays. Consider the
decay of each W into a fermion-antifermion pair (quark-antiquark q1q¯2 or charged lepton-
neutrino lνl) at tree level. The branching ratio for W
− → lν¯l (l = e, µ, or τ) is about 10%
each [24]. We thus expect the following final state combinations:
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(qq¯)(qq¯)⇒ 4jets 49%,
(qq¯)(lν)⇒ dijet + l±+ 6p 42%,
(lν¯)(l¯ν)⇒ l+l−+ 6p 9%,
(7.1)
where 6p stands for the momentum of the escaping neutrino(s). The dijet+l± mode is most
amenable for W -spin analysis. In our analysis, no spin analysis for the decaying W ’s is
required. In case of I(Σ00), not even the scattering plane needs to be identified. Even if
one excludes the τ+τ−+ 6 p modes of 1%, the remaining 99% of the events can be used to
measure I(Σ00). On the other hand, the scattering plane should be identified to measure
I(Σ02). It is worth noting that the charge of the decayingW is not needed to extract I(Σ02).
Therefore all the modes except for the l+l−+ 6p modes (9%) can be used for I(Σ02).
The γγ → W+W− reaction has a much larger cross section than heavy fermion-pair
production such as γγ → tt¯ and, furthermore, the total cross section approaches a constant
value at high c.m. energies. At
√
sˆ = 500 GeV the total cross section is about 80 pb, while
the tt¯ cross section is about 1 pb. So there exist no severe background problems. In the
following analysis we simply assume that all the W pair events can be used. It would be
rather straightforward to include the effects from any experimental cuts and efficiencies in
addition to the branching factors discussed above.
We present our numerical analysis at the following set of collider parameters:
√
s = 0.5 and 1.0 TeV, κ2 · Lee = 20 fb−1. (7.2)
The dimensionless parameter x, which is dependent on the laser frequency ω0, is treated
as an adjustable parameter. We note that κ = 1 is the maximally allowed value for the
e-γ conversion coefficient κ and it may be as small as κ = 0.1 if the collider is optimized
for the e+e− model [14]. All one should note is that the significance of the signal scales as
(ǫ ·κ2 ·Lee), where ǫ denotes the overall detection efficiency that is different for A00 and A02.
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A. Statistical significance of possible signals
The two CP-odd integrated asymmetries, A00 and A02, depend linearly on the form
factors, R(Y1), R(Y2), and R(Y4) in the approximation that only the terms linear in the
form factors are retained. We present the sensitivities to each form factor, assuming that
the other form factors are zero. The analyses are catalogued into two parts: the γ(γ)WW
part and the γγH part.
Folding the photon luminosity spectrum and integrating the distributions over the polar
angle θ, we obtain the x-dependence of available event rates:

Nunpol
N02
N00


= κ2Lee
πα2
2s
∫ τmax
τmin
dτ
τ
∫ 1
−1
d cos θ
βˆ〈φ0φ0〉τ
(1− βˆ2 cos2 θ)2


Σˆunpol
AηI
(
Σˆ02
)
AηηI
(
Σˆ00
)


, (7.3)
where τmax = (x/(1+x))
2 and τmin = 4m
2
W/s. One measure of the significance of a CP-odd
asymmetry is the standard deviation N aSD by which the asymmetry exceeds the expected
statistical fluctuation of the background distribution; for a = 02 and 00
N aSD =
|Aa|√
2/ǫNunpol
. (7.4)
Here ǫ is for the sum of W branching fractions available, which is taken to be
ε =


100% for N00,
91% for N02.
(7.5)
Separating the asymmetry Aa into four independent parts as
Aa = R(Y1)A
Y1
a +R(Y2)A
Y2
a +R(Y4)A
Y4
a , (7.6)
and considering each form factor separately, we obtain the 1-σ allowed upper bounds of the
form factors (i = 1, 2, 4)
Max(|R(Yi)|a) =
√
2
|AYia
√
ǫNunpol|
, (7.7)
if no asymmetry is found. The NSD-σ upper bound is determined simply by multiplying
Max(|R(Yi)|a) and Max(|I(Y4)|a) by NSD.
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B. The γWW and γγWW vertices: Y1 and Y2
The parity-violating form factors Y1 and Y2 respect charge conjugation invariance and
they are related to theW electric dipole moment(EDM) dW and theW magnetic quadrupole
moment(MQD) Q˜W of W
+ by
dW =
2e
mW
(Y1 + 6Y2) , Q˜W = − 4e
m2W
(Y1 − 6Y2) . (7.8)
There are strong indirect phenomenological constraints on the above couplings arising from
the EDM of the electron and neutron [23]. However, we should note that there is a possi-
bility of cancellation among different contributions which renders these indirect constraints
ineffective. Direct studies of W -pair production at high energies are quite complementary
to the precision experiments at low energies. Although the interplay between high- and
low-energy experimental constraints is important, the latter constraints can not replace the
role of high-energy experiments.
Figs.4(a) and (b) show the x dependence of the sensitivities to R(Y1), which are obtained
from A02 and A00, respectively, for
√
s = 0.5 TeV and
√
s = 1 TeV. The x dependence of
the sensitivities to R(Y2) are shown in Figs. 5(a) and (b). In both figures, the solid lines are
for
√
s = 0.5 TeV and the long-dashed lines for
√
s = 1.0 TeV. Let us make a few comments
on the results shown in the two figures (Figs. 4 and 5) and Table 4.
• The sensitivities, especially from the asymmetry A00 mode, depend strongly on the
value of x. For smaller x values are favored for A00, while relatively large x values
favored for A02. This property can be clearly understood by noting that Aˆ00 gets
suppressed as the γγ c.m. energy increases, while Aˆ02 does not.
• The optimal sensitivities on R(Y2) are very much improved as the e+e− c.m. energy
increases from 0.5 TeV to 1 TeV while those of R(Y1) are a little improved. The
optimal x values are reduced as the c.m. energy increases.
• At the two √s values the asymmetries AY100 gives stronger sensitivities than AY102 to
R(Y1), while the two symmetries A
Y2
02 and A
Y2
00 gives rather similar sensitivities to R(Y2).
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These properties can be understood from the sˆ dependence of the corresponding CP-
odd distributions (6.6).
TABLE IV. The best 1-σ bounds of the CP-odd form factors, R(Y1) and R(Y2), and
their corresponding x values for
√
s = 0.5 and 1 TeV.
A02 A00
√
s (TeV) 0.5 1.0 0.5 1.0
x 1.83 0.96 0.75 0.31
Max(|R(Y1)|) 1.1× 10−2 5.0× 10−3 3.2× 10−3 2.2× 10−3
x 2.09 1.23 1.11 0.59
Max(|R(Y2)|) 2.4× 10−4 9.0× 10−5 2.6× 10−4 1.1× 10−4
The above results underlie the importance of having adjustable laser frequencies, which
allows us to select the regime where each contribution becomes dominant. We find that the
two-photon mode allows us to reach the limit that R(Y1) is of the order of 10
−3 and R(Y2)
is of the order of 10−4 or less.
C. The γγH vertex: Y4
The γγH vertex Y4 can be studied in the process γγ → H [4], where the interference
between the 1-loop SM amplitudes and the new CP-odd amplitudes lead to observable CP-
odd asymmetries. In this paper, we study the sensitivity of the process γγ →W+W− to the
CP-odd γγH coupling Y4 where mH is below the W -pair threshold. For an actual numerical
analysis we set mH = 100 GeV and assume that its width is negligible. Our results are
insensitive to mH as long as mH < 2mW .
TABLE V. The 1-σ sensitivities to the CP-odd form factor, R(Y4), and their corre-
sponding x values for
√
s = 0.5 and 1 TeV. Here, mH = 100 GeV.
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A02 A00
√
s (TeV) 0.5 1.0 0.5 1.0
x 1.43 0.69 0.76 0.31
Max(|R(Y4)|) 1.1× 10−2 6.4× 10−3 7.5× 10−3 5.0× 10−3
The best sensitivities to R(Y4) from the asymmetries A02 and A00 and their correspond-
ing x values for
√
s = 0.5 and 1.0 TeV are listed in Table 5. Two asymmetries give the
approximately same sensitivities at the same x value. The doubling of the e+e− c.m. energy
improves the sensitivity so much and renders the optimal x values smaller than those at
√
s = 0.5 TeV. Fig. 6 show the very strong x dependence of the R(Y4) 1-σ sensitivities.
Quantitatively we find that the constraints on R(Y4) are of the order of 10
−3 for mH = 100
GeV at
√
s = 0.5 and 1.0 TeV.
D. Model expectations
In order to assess the usefulness of the two-photon mode with polarized photons it is
useful to estimate the expected size of the CP-odd form factors in a few specific models with
reasonable physics assumptions. Several works [22] have estimated the size of the W EDM
in various models beyond the SM. They have shown that the W EDM can be of the order
10−20 (ecm) in the multi-Higgs-doublet model and the supersymmetric SM, corresponding
to Y1 and Y2 of the order of 10
−4. It is predicted of about 10−22 and less than 10−38 (ecm)
in the left-right model and the SM, respectively,
In more general, if these vertices appear in the one-loop level [26] the coefficients fi may
contain a factor of 1/16pi2. By setting all fi’s to be 1/16π
2 and setting Λ = v = 246 GeV,
we find
|Y1| ∼ |Y3| ∼ |Y4| ∼ 10−3, |Y2| ∼ 10−4. (7.9)
The above order of magnitude estimates (7.9) of the form factors are consistent with the
values expected in some specific models.
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It is worth remarking that the two-photon experiments may allow us to probe the CP-
odd effects of the expected size (7.9). The two-photon collider with polarized photons and
adjustable laser frequency can play a crucial role in probing CP violation in the bosonic
sector.
E. Comparison of the γγ mode and the e+e− mode
The initial e+e− state of the e+e− → W+W− process is (almost) CP-even due to the
very small electron mass. It is then clear that the initial electron beam polarizations are
not so useful to construct large CP-odd asymmetries. CP-violating W interactions can be
probed only via spin/angular correlations of the decaying W ’s. For Lee = 20 fb
−1 and κ = 1,
we compare the constraints from the two-photon mode with those from the e+e− mode by
studying the W± decay correlations at
√
s = 0.5 TeV.
The process e+e− → W+W− [11,13] has been investigated in detail. For the present
comparison let us refer to the work by Kalyniak, et.al [13], where they have assumed Lee = 50
fb−1 and a perfect detector. Readjusting the e+e− integrated luminosity to 20 fb−1, we can
summarize their findings; the total cross section with the pure leptonic decay modes of the
W ’s gives the constraint |R(Y1)| ≤ 5×10−2. below the expected level of statistical precision
of approximately The two-photon mode is much more promising than the e+e− mode in
probing CP violation in the W pair production, if κ ∼ 1 eγ conversion rate is technically
achieved.
VIII. SUMMARY AND CONCLUSIONS
In this paper we have made a systematic study of observable asymmetries related with
two polarized-photon collisions via the Compton backscattered laser beam at future linear
colliders, which could serve as tests of possible CP-violating effects. We have described in a
general framework how photon polarization is employed to study CP invariance in the initial
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two-photon state. We have considered the most general dimension-six CP-odd operators in
the scalar and vector boson sector, preserving all the SM gauge symmetries in the linear
realization of the electroweak symmetry breaking.
Limiting ourselves to purely linearly-polarized photon beams, we have constructed two
CP-odd asymmetries in the process γγ → W+W−. The CP-odd asymmetries can be ex-
tracted by simply adjusting the angle between the polarization vectors of two laser beams.
We have found that the sensitivities of the CP-odd asymmetries to the CP-odd form factors
depend strongly on the e+e− c.m. energy and the laser beam frequency.
In Tables 4 and 5 the maximal sensitivities of the CP-odd form factors and the corre-
sponding x values have been shown for
√
s = 0.5 and 1 TeV with κ2 · Lee = 20 fb−1. The
sensitivities are high enough to probe CP-odd new interactions beyond the limits from some
specific models with resonable physics assumptions.
We have found that, for κ ∼ 1, a counting experiment in the two-photon mode with
adjustable laser frequency can give much stronger constraints on the W EDM and magnetic
quadratic moment (MQD) than the e+e− mode can do through the W± decay correlations
in e+e− collisions using a perfect detector.
To conclude, (linearly) polarized photons by backscattered laser beams of adjustable fre-
quencies at a TeV scale e+e− linear e+e− collider provide us with a very efficient mechanism
to probe CP violation in two-photon collisions.
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FIGURES
FIG. 1. The coordinate system in the colliding γγ c.m. frame. The scattering angle, θ, and
the azimuthal angles, φ1 and φ2, for the linear polarization directions measured from
the scattering plane are given.
FIG. 2. (a) the photon energy spectrum and (b) the degree of linear polarization of the Comp-
ton backscattered photon beam for x = 4Eω0/m
2
e = 0.5, 1 and 4.83.
FIG. 3. (a) the γγ luminosity spectrum and (b) the two linear polarization transfers, Aη (solid
lines) and Aηη (dashed lines), for x = 4Eω0/m
2
e = 0.5, 1 and 4.83.
FIG. 4. The x dependence of the R(Y1) upper bound, Max(|R(Y1)|), at √s = 0.5 and 1.0 TeV,
from (a) the asymmetry A02 and (b) the asymmetry A00, respectively. The solid lines
are for
√
s = 0.5 TeV and the long-dashed lines for
√
s = 1.0 TeV.
FIG. 5. The x dependence of the R(Y2) upper bound, Max(|R(Y2)|) at
√
s = 0.5 and 1.0 TeV,
from (a) the asymmetry A02 and (b) the asymmetry A00, respectively. The solid lines
are for
√
s = 0.5 TeV and the long-dashed lines for
√
s = 1.0 TeV.
FIG. 6. The x dependence of the R(Y4) upper bound, Max(|R(Y4)|) at √s = 0.5 and 1.0 TeV,
from (a) the asymmetry A02 and (b) the asymmetry A00, respectively. Here, the Higgs
mass is mH = 100 GeV. The solid lines are for
√
s = 0.5 TeV and the long-dashed
lines for
√
s = 1.0 TeV.
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